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Abstract
The polychaete Oxydromus okupa lives in association with the bivalves Scrobicularia plana and Maco-
mopsis pellucida in the intertidal of Río San Pedro (CI = Cádiz Intertidal) and adjacent to CHipiona (CH) 
harbour, and in the subtidal of the Bay of Cádiz (CS = Cádiz Subtidal). We analyse these populations 
morphometrically, ecologically (including infestation characteristics) and genetically (intertidal popula-
tions, 16S and ITS-1 genes). We consider “host”, “environment” and the combined “host and environment” 
as possible factors of interpopulation variability. Morphometry revealed three well-defined clusters for 
CI, CH and CS, showing intergroup phenotypic differences ranging from 35 to 50%. Hosts shell lengths 
ranged between 26 and 36 mm for S. plana and 20 and 28 mm for M. pellucida. The infestation of small 
M. pellucida by juvenile O. okupa suggests they show an active size segregation behaviour. The intertidal 
seems to be less favourable (infestation rate <25% vs. up to 65% in the subtidal), and did not show recent 
bottleneck events. Overall, CI and CH were genetically homogeneous, but showed a significant divergence 
(one dominant haplotype in each host species), suggesting host shift as being a soft barrier to gene flow. 
Most characters related with host-entering varied among populations, suggesting symbiotic behaviour to 
play a key role in reducing panmixia and leading to the initial phases of a speciation process in sympatric 
symbiotic populations. Polyxeny and symbiotic behaviour in O. okupa seem thus to be underlying mecha-
nisms contributing to its great phenotypic variety, marked ecological differences, and genetic divergence.
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1 Introduction
Sympatric populations (i.e., conspecific pop-
ulations with genetically based phenotypic 
differences that coexist spatially) are of in-
terest in evolutionary biology, as they hold 
the potential of becoming a first step toward 
sympatric speciation. They may also be more 
common than hitherto thought, since they 
may have passed unnoticed using the number 
of loci typical of the pre-genomics era (Jorde 
et al., 2018). The rich cryptic diversity of poly-
chaetes (Nygren, 2014) triggered an increas-
ing number of studies focusing on sympatric 
populations (e.g., Nygren et al., 2010; Nygren & 
Pleijel, 2011; Zanol et al., 2016; Styan et al., 2017; 
Nygren et al., 2018). In the particular case of 
symbiotic polychaetes, however, polyxenous 
species (i.e., symbiotic species inhabiting dif-
ferent hosts) appear to be less pervasive than 
monoxenous ones (i.e., symbionts inhabiting 
a single host) (Martin & Britayev, 1998, 2018), 
while they are the most likely candidates for 
hidden cryptic speciation among sympatric 
populations. To date, the only known study on 
the phylogeography of symbiotic polychaetes 
comprised the monoxenous Mediterranean 
Ophryotrocha mediterranea Martin, Abelló 
& Cartes, 1991 and the polyxenous Atlantic- 
Mediterranean Iphitime cuenoti Fauvel, 1914 
(Lattig et al., 2016). This study showed that po-
lyxeny did not represent a biological barrier 
to gene flow among sympatric populations of 
the latter species that inhabit four species of 
brachyuran crabs.
The present study concerns a different po-
lyxenous relationship under sympatric condi-
tions. The aims are to assess whether host and 
environmental preferences affect morphol-
ogy, gene flow and demography, ultimately 
attempting to clarify diversification mecha-
nisms in marine invertebrate symbionts. The 
symbiotic hesionid polychaete Oxydromus 
humesi (Pettibone, 1961) was described as be-
longing to Parasyllidea by Pettibone (1961), 
based on a single population living in asso-
ciation with the tellinid bivalve Austroma-
coma nymphalis (Lamarck, 1818) in mangrove 
swamps in the Republic of Congo (Martin et 
al., 2015). Two populations were later report-
ed as symbionts of bivalves, i.e., the semelid 
Scrobicularia plana (da Costa, 1778) in the 
intertidal of Río San Pedro and the tellinid 
Macomopsis pellucida (Spengler, 1798) in the 
subtidal of the Bay of Cádiz, both at the south-
ern Atlantic coast of the Iberian Peninsula 
(Martin et al., 2012, 2015). The Iberian popu-
lations were finally described as belonging to 
a new species based on morphometric analy-
ses, i.e., Oxydromus okupa Martin, Meca & Gil 
in Martin et al. (2017).
The population associated with S. plana 
was studied in detail in terms of behaviour, 
infestation characteristics, and life cycle 
(Martin et al., 2015, 2017). It showed a regular 
distribution (i.e., a single symbiont individual 
per host), intra-specific aggression, a complex 
host-entering behaviour, and low (usually 
<5%) and seasonally fluctuating infestations 
that were closely related with the reproduc-
tive cycle (e.g., males leaving their hosts dur-
ing spring/summer, likely for fertilization 
purposes). The life cycle postulated for O. ok-
upa consisted on 1) a planktonic larval phase 
settling on soft bottoms when competent, 
2) free-living juveniles, and 3) adults able to 
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select (whenever possible) and enter the hosts 
at a given size.
In this study, we report a third popula-
tion of O. okupa, recently discovered living 
intertidally in association with M. pellucida 
at Micaela Beach, adjacent to the harbour of 
Chipiona, ca. 40 km north-west of the Bay of 
Cádiz. We take this opportunity to assess the 
possible existence of population-level differ-
ences in morphology, gene flow, and demog-
raphy. We consider two factors, host (S. plana 
vs. M. pellucida) and environment (subtidal 
vs. intertidal), as well as their combined effect 
(intertidal S. plana vs. subtidal M. pellucida).
Therefore, our aims are: (1) to check for 
variations in morphology (based on mor-
phometry) and ecology (based on population- 
size structure and infestation rates); (2) to test 
the possible influence of host shift in gene 
flow, based on two fast-evolving neutral mark-
ers (i.e., 16S and ITS-1) that proved to be useful 
in assessing relationships amongst conspecif-
ic populations in polychaetes (Nygren, 2014); 
and (3) to analyse the symbiont demographic 
history by mismatch distribution, estimates 
of genetic diversity, and neutrality evolu-
tion tests (based on the two aforementioned 
genes). Furthermore, we are providing new 
sequence information on Hesionidae. Despite 
some recent papers (e.g., Pleijel et al., 2011, 
2012; Jimi et al., 2018; Rouse et al., 2018), this 
information is still very scarce in relation to 
the high species diversity of this family, par-
ticularly for the symbiotic species.
2 Material and methods
2.1 Sampling
Specimens of O. okupa were collected from 
three populations of bivalve hosts in the Gulf 
of Cádiz: CI (Cádiz Intertidal) with S. plana 
(family Semelidae) in the intertidal of Río 
San Pedro; CH (CHipiona) with M. pellucida  
(family Tellinidae) in the intertidal of  Micaela 
Beach adjacent to Chipiona harbour; CS 
(Cádiz Subtidal) with M.  pellucida in the sub-
tidal zone at the outlet of Río San Pedro in the 
Bay of Cádiz (fig. 1).
Materials from previous sampling belong-
ing to CS (January 2013) and CI (April, June, 
July, August, September, October, November 
and December 2011 and January, February, 
March, April and May 2012) (Martin et al., 
2017) were used for morphometric analyses. 
Additional specimens were collected in May 
2016 by hand from the sediment during low 
tide in CH (fig. 1). Specimens for morphome-
try were relaxed in 7.2% magnesium chloride 
in distilled water, preserved in 4% seawater/
formalin solution for a few days, rinsed in 
fresh water, and transferred to 70% ethanol. 
For genetic purposes, additional specimens 
were collected on September 2017 (CH) and 
on September and November 2017 and May 
and June 2018 (CI), and were preserved direct-
ly in 100% ethanol. Attempts to obtain DNA-
grade materials from CS in October 2017 and 
June 2018 failed, likely due to changes in the 
bottom configuration in this highly dynamic 
region, which prevented finding any speci-
men in the previously surveyed area. As a re-
sult, 38 symbionts (19 from CH and 19 from CI) 
were available for genetics.
2.2 Morphometry
Morphometric analyses were based on 68 
specimens (20 from CH, 23 CS, 25 from CI), all 
of them fixed in formalin and preserved in al-
cohol (as there may be significant differences 
in appendage measurements according to 
the fixation method). The following measure-
ments were selected (following Martin et al., 
2017; fig. 2): worm length (WL, μm), number of 
segments (NS), worm width without parapo-
dium (WWP, μm), length of dorsal lobe (DL, 
μm), length of dorsal cirrophore (DCP, μm), 
length of dorsal cirrostyle (DCS, μm), length 
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of posterior neurochaetal lobe (PNCL, μm), 
length of ventral cirri (VC, μm), head width 
(HW, μm), head length (HL, μm), length of lat-
eral antenna (LA, μm), length of palpophore 
(PP, μm), length of palpostyle (PS, μm), dis-
tance between anterior eyes (DAE, μm), dis-
tance between posterior eyes (DPE, μm) and 
distance between anterior and posterior eyes 
(DAPE, μm). The width of the tenth segment 
(parapodia included) was used as a proxy 
for worm size (WW, μm). Due to cirrostyles 
alternating short and long through the seg-
ments (Martin et al., 2015, 2017), all parapodial 
characters were measured for two parapodia 
(from chaetiger 10 to 30, depending on the 
specimen) bearing long and short cirrostyles 
and indicated by adding L and S to the end 
of the acronym (e.g., “PNCLL” and “PNCLS”, 
meaning posterior neurochaetal lobe from 
parapodia having long and short cirrostyles, 
respectively). WW, WL, NS and WWP were 
measured under a Nikon SMZ645 stereomi-
croscope equipped with a micrometric ocular, 
while the rest of the characters using a Motic 
BA210 binocular microscope equipped with a 
TOUPCAMTM U3CMOS digital camera, man-
aged by the ToupView 3.7 software.
Inter-population differences were analysed 
for size-independent data and taxonomi-
cally relevant character proportions modi-
fied from Martin et al. (2017) by including 
WL/NS, WL/WWP and NS/WWP (table  1). 
Size-dependency of measured characters 
was assessed by Pearson correlation and the 
resulting size-dependent ones were divided 
by WW. The pairwise differences among 
populations for the averaged measurements 
were estimated by one-way ANOVAs with 
Figure 1 Sampled localities of the host bivalves harbouring Oxydromus okupa in the Gulf of Cadiz region: (CI) 
Cádiz Intertidal (Scrobicularia plana); (CS) Cádiz Subtidal (Macomopsis pellucida); (CH) Chipiona 
intertidal (M. pellucida). Images obtained from Google Earth v. 7.3, © Google 2018.
Diversification mechanisms | 10.1163/18759866-20191403 5
post hoc Tukey’s honestly significant differ-
ence (HSD) by p < 0.05. Both character sets 
(i.e., size-independent and proportions) were 
normalised prior the analyses. Data ordina-
tion was performed by Principal Component 
Analysis (PCA) and the significance of the 
obtained clusters was assessed by one-way 
analysis of similarity (ANOSIM) based on Eu-
clidean distance resemblance matrices. The 
contribution of each measured character to 
the distance within and between the three 
populations was implemented by the Similar-
ity Percentages analysis (SIMPER) based on 
Euclidean distance. The evaluation of the mor-
phological identity of the populations was 
realized by Forward Stepwise Discriminant 
Analysis (FSDA) on non-transformed data-
sets. This analysis is based on the construc-
tion of discriminant functions, which allows 
the differentiation of populations, and on 
classification matrices obtained by pairwise 
comparisons, which explain the membership 
of each individual to its corresponding popu-
lation. The reliability of these classifications 
was assessed by cross-validating the original 
matrices. The variables included in the dis-
criminant functions were selected according 
to the statistics F index and Wilk’s Lambda 
Figure 2 Oxydromus okupa. Anterior end (A), two midbody segments (B) and one mid-body parapodia (C), 
showing the measurements used in the morphometric analyses. WW: worm width with parapodia 
(μm); WWP: worm width without parapodia (μm); HW: head width (μm); HL: head length (μm); LA: 
length of lateral antenna (μm); PP: length of palpophore (μm); PS: length of palpostyle (μm); DAE: 
distance between anterior eyes (μm); DPE: distance between posterior eyes (μm); DAPE: distance 
between anterior and posterior eyes (μm); DL: length of dorsal lobe (μm): DCP: length of dorsal cirro-
phore (μm); DCS: length of dorsal cirrostyle (μm); PNCL: length of posterior neurochaetal lobe (μm); 
VL: ventral lobe; VC: length of ventral cirri (μm); L: long cirrostyle; S: short cirrostyle. Redrawn from 
Martin et al. (2015, 2017).
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by a threshold significance level of 0.05. The 
first, an asymptotic approach to the Fisher’s 
F index (named Box test), assessed the simi-
larity of the intra-population covariance 
matrices, and the second, based on the Rao 
 approach to the Wilk’s Lambda test, evaluated 
the differences between population averaged 
vectors.
Pearson correlation analyses, one-way 
ANOVAs and discriminant analyses were car-
ried out in XLSTAT (2015.5.01.23039, copyright 
by Addinsoft 1995–2016). PCA, ANOSIM and 
SIMPER analyses were executed with PRIM-
ER, version 6.1.11, copyright by PRIMER-E 
Ltd. 2008 (Clarke & Warwick, 2001; Clarke & 
Gorley, 2006).
2.3 Ecology
The specimens of S. plana and M. pellucida 
were opened to estimate the infestation prev-
alence and, to define the size structure of their 
populations, shell lengths were measured (in 
mm) using callipers. The differences in size 
structure between symbiont and infested bi-
valves were analysed by one-way ANOVA, and 
the significance (i.e., p < 0.05) of the pairwise 
differences was assessed by post hoc Tukey’s 
HSD. Symbiont/host size relationships were 
monthly checked by correlation analyses. All 
samples, independent of fixation method, 
were included in the analysis of population 
size structure vs. infestation characteristics.
2.4 Molecular analyses
DNA was extracted using DNAeasy Tissue Kit 
(Qiagen) following the protocol supplied by 
the manufacturer. We amplified 471–503 bp 
of nuclear ITS-1 with flanking regions of 18S 
rDNA and 5.8S rDNA, and 469–516 bp of 16S 
rDNA. We used ITS18SFPOLY (GAGGAAG-
TAAAAGTCGTAACA) and ITS5.8SRPOLY 
(GTTCAATGTGTCCTGCAATTC) (Pleijel et 
al., 2009) for the ITS-1, and 16SarL (CGCCT-
GTTTATCAAAAACAT) and 16SbrH (CCG-
GTCTGAACTCAGATCACGT) (Palumbi, 1996) 
for the 16S rDNA. PCRs were realised with 
BIOTAQ DNA Polymerase (Bioline), with 25 
μl mixtures containing: 2.5 μl of NH4 No MgCl2 
Bioline Reaction Buffer (final concentration 
of 10X), 0.5 μl of MgCl2 solution (final con-
centration of 50 mM), 1 μl of nucleotide mix 
(final concentration of 10 mM each dNTP), 
0.8 μl of each primer (final concentration of 
10 μM), 0.15 μl of BIOTAQ DNA polymerase 
(5 U/μl), 1 μl of template DNA and 17.25 μl 
of nuclease-free water. Temperature profiles 
were as follow for ITS-1: 96 °C/4’ – (94 °C/30” 
– 48 °C/30” – 72 °C/60”) x 45 cycles – 72 °C/8’ – 
Store at 8 °C, and for 16S: 96 °C/4’ – (94 °C/30” 
– 55–59 °C/30” – 72 °C/1’) x 40–45 – 72 °C/8’ 
– Store at 8 °C. Amplified PCR products were 
analysed by electrophoresis in a 1.2 % p/v aga-
rose gel stained with ethidium bromide and 
then sent to Macrogen Inc. facilities (Seoul, 
Korea) to obtain complete double strain se-
quences. Consensus sequences of each chain 
pairs were generated and edited by BioEdit v. 
7.0.5.3 software (Hall, 1999) and were aligned 
using MAFFT online service v. 7.407 (Katoh & 
Standley, 2013) under the E-INS-i strategy.
For further analyses on gene flow between 
CH and CI, estimates of pairwise genetic dif-
ferentiation (Kst, Hst and Fst) and of the num-
ber of migrators per generation (Nm) were 
calculated by means of DNAsp v. 6.12 (Rozas 
et al., 2017). Significance of Kst, Hst and Fst 
were assessed by performing 1,000 permuta-
tions in DNAsp for the first two and in AR-
LEQUIN v. 3.5 software (Excoffier & Lischer, 
2010) for the last one. The genetic distance was 
obtained by means of Kimura 2-parameter 
model (Kimura, 1980) with 1,000 bootstraps 
in MEGA X software (Kumar et al., 2018). 
The haplotype geographical distribution was 
checked by constructing networks through 
the median joining network algorithm (Ban-
delt et al., 1999) implemented in NETWORK 
v. 5 (fluxus-engineering.com). The phyloge-
netic relationships among haplotypes was 
indicated in a haplotype tree constructed  
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using Maximum-likelihood analysis (ML) per-
formed in MEGA X. The tree was rooted with 
GenBank sequences of Nereimyra punctata 
(Müller, 1778) (DQ442577.1) and Gyptis propin-
qua Marion & Bobretzky, 1875 (DQ442573.1), 
the analysis was run with the GTR+I model 
and clade support was assessed using 100 
bootstrap replicates.
Historical population demography patterns 
for CH and CI populations were assessed by 
mismatch distribution, analyzing pairwise dif-
ferences between haplotypes using the model 
of sudden expansion (Rogers & Harpending, 
1992), and testing the null hypothesis of popu-
lation growth in ARLEQUIN (Excoffier et al., 
2005), based on the following diversity esti-
mators: Nh (number of haplotypes), h (hap-
lotype diversity), and π (nucleotide diversity). 
The patterns were also assessed by Tajima’s D 
test (Tajima, 1989), Fu’s Fs test (Fu, 1997) and 
R2 test (Ramos-Onsins & Rozas, 2002) imple-
mented in DnaSP.
The ITS-1 region is highly conservative (i.e., 
without polymorphism) and was thus insuffi-
ciently informative. Therefore, it was not con-
sidered suitable for the purpose of this study.
3 Results
3.1 Morphometry
Size-independent data. CI and CS had a better 
representation of the population size range 
than CH (i.e., individual sizes from 1.88 to 3.44 
mm in CI; from 2.00 to 3.10 in CS and from 
2.10 to 2.83 in CH). Accordingly, there were 
no coincident size-independent characters 
in all three populations (table 1). For the pur-
poses of our analyses, all them were treated as 
size-dependent.
The PCA plot (fig.  3A) showed clear dif-
ferences between CH, CS and CI (ANOSIM, 
Global R: 0.55–0.381, significance level: 0.1%). 
The first two PCA axes explained 47.6% of 
the total variation, 29.3% in case of first axis 
(Eigenvalue = 6.15) and 18.3% for the second 
one (Eigenvalue = 3.84).
The intra-population average distances 
were 10.67% for CH, 17.70% for CS and 18.25% 
for CI (SIMPER). The characters that most 
contributed to these intra-population simi-
larities were related with prostomium, para-
podia and worm’s length and width (table 2). 
The inter-population dissimilarities were 
45.57% (CS vs. CH), 44.24% (CI vs. CH) and 
49.42% (CI vs. CS). Prostomial, parapodial, 
and worm’s length and width variables mostly 
contributing to these differences (table 2).
When comparing the averaged measure-
ments, approximately one tenth were signifi-
cantly different among populations (table  3). 
In most cases, these were prostomial, parapo-
dial, and worm’s length and width characters 
(table 3), which were also those included in the 
discriminant functions (table  4). These func-
tions correctly classified all individuals in the 
three pairwise comparisons (fig. 4), with cross-
validation success probabilities of 89% (CI vs. 
CH), 92% (CI vs. CS) and 86% (CS vs. CH).
3.2 Character proportions 
Only one over the 20 character proportions 
analysed were positively correlated with 
size in CH (table  1). In CS, there were three 
negative and two positive size correlations 
 (table  1). In CI, there were six negative and 
three positive size relationships, suggesting 
allometric growth in this population (table 1).
As for size-independent characters, the PCA 
plot based on character proportions (fig.  3B) 
clearly separated the three populations 
 (ANOSIM, Global R: 0.466–0.224,  significance 
level: 0.1%). The two first axes explained 44% 
of the total variation, with 24.3% in the case of 
the first axis (Eigenvalue = 4.85) and 19.7% for 
the second one (Eigenvalue = 3.95).
The intra-population average distances 
were 11.19% for CH, 16.99% for CS and 18.02% 
for CI (SIMPER). The character proportions 
mostly contributing to these intra-population 
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Figure 3 Principal Component Analyses plots. A: Based on size independent data. B: Based on character  
proportions. CI: Cadiz Intertidal (Scrobicularia plana); CS: Cadiz Subtidal (Macomopsis pellucida); CH: 
Chipiona intertidal (M. pellucida). Character abbreviations as in fig. 2.
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Table 2 The six most contributing size-independent measurements to the intra-population similarities and 
pairwise dissimilarities among populations based on SIMPER analyses. Av. Value: Average value; Av. 
Sq. Dist: Average square distance; Sq. Dist/SD: Square distance divided by Standard deviation; Contrib. 
%: Percentage of contribution; Cum. %: Cumulative percentage of contribution. CI: Cádiz Intertidal 
(Scrobicularia plana); CS: Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal  
(M. pellucida). Character abbreviations as in fig. 2
CH Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
WL -0.475 0.170 0.51 1.60 1.60
WWP -0.396 0.191 0.50 1.79 3.39
PNCLL 0.719 0.195 0.50 1.83 5.22
HW 0.348 0.201 0.53 1.88 7.10
PNCLS 0.796 0.246 0.46 2.30 9.41
VCL 0.908 0.275 0.51 2.58 11.99
CS          
DCPL -0.480 0.457 0.49 2.58 2.58
NS 0.698 0.461 0.42 2.61 5.19
WL 0.096 0.600 0.51 3.39 8.58
VCL -0.066 0.604 0.47 3.41 11.99
WWP 1.100 0.637 0.48 3.60 15.59
DLS 0.161 0.656 0.46 3.71 19.30
CI          
PNCLS 0.352 0.164 0.45 0.90 0.90
PNCLL 0.395 0.227 0.48 1.25 2.14
DCSL -0.519 0.407 0.47 2.23 4.38
WWP -0.593 0.446 0.48 2.45 6.82
DCSS -0.559 0.456 0.44 2.50 9.32
PP -0.486 0.623 0.49 3.41 12.73
CS/CH CS Av. Value CH Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
PNCLS -1.160 0.796 4.68 1.47 10.27 10.27
PNCLL -1.140 0.719 4.35 1.35 9.54 19.82
DCSL -0.356 1.130 3.25 0.93 7.13 26.95
WWP 1.100 -0.396 3.03 0.99 6.65 33.60
DCSS -0.290 1.110 2.97 0.91 6.52 40.12
DAPE -0.410 0.060 2.39 0.78 5.24 45.35
CI/CH CI Av. Value CH Av. Value        
DCSS -0.559 1.110 3.57 1.12 8.08 8.08
DCSL -0.519 1.130 3.47 1.08 7.84 15.92
VCL -0.591 0.908 3.39 0.92 7.66 23.58
VCS -0.615 0.911 3.35 1.00 7.57 31.16
DLS -0.417 0.408 2.56 0.66 5.78 36.94
WL 0.261 -0.475 2.36 1.03 5.34 42.27
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Table 3 Pairwise differences based on character measurements expressed as percentages. Bold characters 
indicate significantly high differences (Tukey’s HSD test, p < 0.05). CI: Cádiz Intertidal (Scrobicularia 
plana); CS: Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal (M. pellucida). Character 
and measurement abbreviations as in fig. 2
CS vs. CH CI vs. CH CI vs. CS
Size-Independent p Difference p Difference p Difference
WL 0.190 7 0.051 9 0.843 2
NS 0.031 6 0.242 -2 <0.0001 -9
WWP <0.0001 11 0.616 -2 <0.0001 -13
DLL 0.653 -2 0.117 -5 0.504 -3
DCPL 0.262 -4 0.492 4 0.015 8
DCSL <0.0001 -13 <0.0001 -15 0.734 -2
PNCLL <0.0001 -26 0.230 -4 <0.0001 22
VCL 0.002 -9 <0.0001 -14 0.091 -6
DLS 0.718 -2 0.023 -6 0.126 -4
DCPS 0.251 -6 0.970 -2 0.297 4
DCSS <0.0001 -13 <0.0001 -16 0.439 -3
PNCLS <0.0001 -29 0.054 -5 <0.0001 24
VCS 0.002 -8 <0.0001 -14 0.054 -6
HW 0.904 1 0.003 -5 <0.0001 -5
HL 0.016 -7 0.031 -6 0.902 1
LA 0.451 4 0.516 -4 0.045 -8
PP 0.977 0 0.029 -7 0.013 -7
PS 0.754 2 0.153 -6 0.023 -8
DAE 0.251 -2 0.008 -4 0.312 -2
DPE 0.540 -2 0.009 -4 0.119 -3
DAPE 0.323 -5 0.753 2 0.061 7
Table 2 The six most contributing size-independent measurements to the intra-population similarities and 
pairwise dissimilarities among populations based on SIMPER analyses. Av. Value: Average value; Av. 
Sq. Dist: Average square distance; Sq. Dist/SD: Square distance divided by Standard deviation; Contrib. 
%: Percentage of contribution; Cum. %: Cumulative percentage of contribution. CI: Cádiz Intertidal 
(Scrobicularia plana); CS: Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal  
(M. pellucida). Character abbreviations as in fig. 2. (cont.)
CI/CS CI Av. Value CS Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
WWP -0.593 1.100 3.91 0.99 7.90 7.90
PNCLL 0.395 -1.140 3.28 1.24 6.64 14.55
HW -0.621 0.473 3.12 0.70 6.31 20.86
NS -0.510 0.698 3.10 0.83 6.28 27.14
PNCLS 0.352 -1.160 3.07 1.43 6.21 33.35
PS -0.413 0.383 2.60 0.72 5.25 38.60
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Figure 4 Scatterplots for individual scores and centroids of the discriminant functions obtained in each pair-
wise comparison (i.e., CS/CH, CI/CH and CI/CS) by the discriminant analyses realized on the two data 
sets: size-independent data and character proportions. CI: Cádiz Intertidal (Scrobicularia plana); CS: 
Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal (M. pellucida).
similarities were related with prostomial and 
parapodial regions, as well as with worm’s 
length and width (table  5). The inter-population 
dissimilarities were 40.62% (CS vs. CH), 
37.54% (CI vs. CH), and 51.68% (CI vs. CS), 
with proportions of prostomial, parapodial 
and worm’s length and width characters most-
ly contributing to these differences (table 5).
Most averaged proportions differing sig-
nificantly between populations (table 6) were 
mostly prostomial, parapodial, and worm’s 
length and width characters, and were also 
included in the discriminant functions (ta-
ble 4). These functions correctly classified all 
individuals in the three pairwise comparisons 
(fig. 4). The cross-validation success probabili-
ties were 94% (CI vs. CH), 93% (CI vs. CS) and 
78% (CS vs. CH).
3.3 Population-size structure and 
infestation characteristics
Over the 106 worms analysed, 62 were found 
in M. pellucida (CH = 39, CS = 23) and 44 in 
S. plana. The infestation prevalence was 0.4% 
(September 2017), 3.6% (November 2017), 
6.7% (May 2018) and 12.5% (June 2018) in CI, 
and 10.2% (May 2016) and 11.4% (September 
2017) in CH. However, it reached 22.2% in 
hosts of >20 mm length in CH, and was 66.7% 
(January 2013), reaching 89.3% in hosts >20 
mm long in CS (January 2013).
Sizes of the symbionts ranged from 0.96 to 
3.44 mm (0.96 to 2.83 mm in CH, 2.00 to 3.10 
mm in CS, 1.10 to 3.44 mm in CI). Small worms 
were better represented in September 2017 
at CH (42.11% of worms <2.00 mm, but up to 
31.58% for worms <1.60 mm; fig. 8A, C) and in 
May 2018 at CI (85.71% of worms <2.00 mm 
and 57.14% <1.60 mm). In November 2017 only 
one symbiont was <1.60 mm at CI (fig.  8B) 
and no juveniles (<1.60 mm) were found at 
CS. Symbiont sizes were significantly smaller 
at CH than at CI (Tukey’s HSD test, p < 0.003) 
and CS (Tukey’s HSD test, p < 0.001), likely due 
to an overall major presence of juveniles. No 
significant difference in symbiont sizes were 
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Table 5 The six proportions most contributing to the intra-population similarities and pairwise dissimilarities 
among populations based on SIMPER analyses. Av. Value: Average value; Av. Sq. Dist: Average square 
distance; Sq. Dist/SD: Square distance divided by Standard deviation; Contrib. %: Percentage of contri-
bution; Cum. %: Cumulative percentage of contribution. CI: Cádiz Intertidal (Scrobicularia plana); CS: 
Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal (M. pellucida). Character abbrevia-
tions as in fig. 2
CH Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
VCS/PNCLS -0.296 0.062 0.50 0.55 0.55
VCL/PNCLL -0.213 0.086 0.46 0.77 1.32
PS/HL -0.313 0.321 0.48 2.87 4.19
WL/WWP -0.231 0.331 0.51 2.96 7.15
DAE/HW 0.377 0.351 0.47 3.14 10.29
WL/NS -0.507 0.369 0.39 3.30 13.59
CS          
WL/WWP -0.612 0.256 0.42 1.50 1.50
WL/NS -0.428 0.557 0.52 3.28 4.78
DCPL/DLL -0.443 0.561 0.50 3.30 8.08
DPE/HW -0.632 0.630 0.50 3.70 11.79
PP/HL 0.577 0.673 0.49 3.96 15.75
DCPS/DLS -0.402 0.680 0.50 4.00 19.75
CI          
VCS/PNCLS -0.668 0.175 0.46 0.97 0.97
VCL/PNCLL -0.655 0.198 0.47 1.10 2.07
DCSL/DCPL -0.691 0.327 0.41 1.81 3.88
DCSS/DCPS -0.440 0.606 0.48 3.36 7.25
DAE/HW 0.480 0.688 0.44 3.82 11.06
DAPE/HL 0.568 0.722 0.49 4.00 15.07
CS/CH CS Av. Value CH Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
VCS/PNCLS 1.110 -0.296 3.00 0.98 7.39 7.39
DCSS/DLS -0.383 0.736 2.78 0.82 6.85 14.24
VCL/PNCLL 1.020 -0.213 2.77 0.76 6.82 21.06
DAE/HW -0.944 0.377 2.74 0.85 6.75 27.81
LA/HL 0.660 -0.441 2.62 0.82 6.44 34.25
DCSL/DLL -0.335 0.635 2.48 0.89 6.11 40.36
CI/CH CI Av. Value CH Av. Value        
DCSL/DCPL -0.691 0.841 3.24 0.96 8.64 8.64
WL/NS 0.698 -0.507 2.78 0.96 7.41 16.05
DAPE/HL 0.568 -0.564 2.73 0.82 7.27 23.31
WL/WWP 0.648 -0.231 2.38 0.94 6.33 29.64
DCSS/DCPS -0.440 0.511 2.32 0.80 6.18 35.82
DCPL/DLL 0.534 -0.259 2.32 0.65 6.17 41.99
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CI/CS CI Av. Value CS Av. Value Av. Sq. Dist Sq. Dist/SD Contrib. % Cum. %
VCS/PNCLS -0.668 1.110 4.29 1.09 8.31 8.31
VCL/PNCLL -0.655 1.020 4.16 0.88 8.05 16.36
DAE/HW 0.480 -0.944 3.36 0.79 6.49 22.86
WL/WWP 0.648 -0.612 3.12 0.97 6.04 28.89
PS/HL -0.285 0.640 2.81 0.69 5.45 34.34
WL/NS 0.698 -0.428 2.77 0.89 5.37 39.71
Table 5 The six proportions most contributing to the intra-population similarities and pairwise dissimilarities 
among populations based on SIMPER analyses. Av. Value: Average value; Av. Sq. Dist: Average square 
distance; Sq. Dist/SD: Square distance divided by Standard deviation; Contrib. %: Percentage of contri-
bution; Cum. %: Cumulative percentage of contribution. CI: Cádiz Intertidal (Scrobicularia plana); CS: 
Cádiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal (M. pellucida). Character abbrevia-
tions as in fig. 2. (Cont.)
Table 6 Pairwise differences based on proportions expressed as percentages. Bold characters indicate sig-
nificantly high differences (Tukey’s HSD test, p < 0.05). CI: Cádiz Intertidal (Scrobicularia plana); CS: 
Cadiz Subtidal (Macomopsis pellucida); CH: Chipiona intertidal (M. pellucida). Character abbrevia-
tions as in fig. 2
CS vs. CH CI vs. CH CI vs. CS
Proportions p Difference p Difference p Difference
WL/NS 0.955 1 <0.0001 11 0.000 10
WL/WWP 0.375 -5 0.005 9 <0.0001 14
NS/WWP 0.036 -6 0.471 -3 0.275 3
DCPL/DLL 0.817 -2 0.022 10 0.003 12
DCSL/DLL 0.008 -11 0.019 -9 0.860 2
DCSL/DCPL 0.021 -8 <0.0001 -18 0.004 -10
VCL/PNCLL <0.0001 21 <0.0001 -11 <0.0001 -31
DCPS/DLS 0.521 -5 0.387 5 0.035 10
DCSS/DLS 0.001 -11 0.004 -9 0.821 2
DCSS/DCPS 0.388 -6 0.006 -14 0.155 -8
VCS/PNCLS <0.0001 24 0.169 -9 <0.0001 -32
HL/HW 0.003 -7 0.769 -1 0.011 6
LA/HL 0.002 11 0.700 3 0.007 -9
PP/HL 0.025 8 1.000 0 0.012 -8
PS/HL 0.008 10 0.995 0 0.005 -9
PS/PP 0.872 2 0.976 1 0.943 -1
DAE/HW <0.0001 -3 0.907 0 <0.0001 3
DPE/HW 0.025 -2 0.817 0 0.002 2
DAPE/HL 0.468 3 0.001 -8 0.016 5
DAE/DPE 0.453 -1 0.952 0 0.575 1
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detected between CI and CS (Tukey’s HSD 
test, p = 0.925).
Altogether, 401 specimens of M. pellucida 
(362 from CH and 39 from CS) and 615 of 
S. plana were collected. Length in M. pellucida 
ranged from 15.10 to 27.58 mm in CH and from 
18.12 to 28.07 mm in CS. The greatest propor-
tions of shells <20 mm were found in Septem-
ber 2017 at CH (67.47%) and in January 2013 
at CS (39.29%). Although the number of small 
hosts was not insignificant in some months, 
most infested bivalves showed intermediate 
sizes (i.e., 20–28 mm). In S. plana, the size-
class range was larger (i.e., 20.50–41.17 mm) 
and most infested hosts were considerably 
longer (i.e., 26–36 mm) than in M. pellucida. 
In fact, the size of the infested bivalves dif-
fered significantly among localities harbour-
ing different hosts (i.e., CI vs. CH, CI vs. CS; 
Tukey’s HSD test, p < 0.001), whilst there were 
no significant differences between CS and CH 
(Tukey’s HSD test, p = 0.254).
There were significant host-symbiont size 
correlations observed when some specimens 
of O. okupa occurred in small M. pellucida 
bivalves. For instance, in January 2013 (Pear-
son coefficient = 0.400, p = 0.021) and in Sep-
tember 2017 (Pearson coefficient = 0.908, p < 
0.0001). In turn, in May 2016, the small-sized 
bivalves were scarce and the relationship was 
non-significant (Pearson coefficient = 0.233, p 
= 0.338). As for S. plana, the size correlations 
with O. okupa were non-significant for all 
months (i.e., September and November 2017, 
May and June 2018, Pearson coefficient = 0.316 
to 0.480, p = 0.245 to 0.191).
3.3 Genetics
Nuclear data. Nineteen ITS-1 sequences were 
obtained for CH and CI, which showed a 
unique haplotype (GenBank accession num-
ber: MK831008) in the 441 bp of the final align-
ment data set. Accordingly, this highly conser-
vative gene did not show polymorphism.
Mitochondrial data. Nineteen 16S sequenc-
es have been obtained for CH and CI, which 
showed seven haplotypes (GenBank acces-
sion numbers: MK831001 – MK831007) and six 
polymorphic sites in the 493 bp of the final 
alignment data set. Among these, five were 
parsimony-informative. There were six hap-
lotypes with five polymorphic positions (four 
parsimony-informative) in CH, and four hap-
lotypes with three polymorphic (only one par-
simony-informative) in CI. Haplotype diversi-
ty was intermediate too high in both localities, 
but lower in CI, whereas nuclear diversity was 
low, also lower in CI (table 7). The haplotype 
network showed two dominant haplotypes 
separated by one mutational step, one more 
frequent in M. pellucida at CH and another 
in S. plana at CI (fig. 5). Each main haplotype 
had few derived ones with low frequencies, 
occurring in one or two specimens and dif-
fering from the dominant one in one or two 
mutational steps. Three of the low-frequency 
Table 7 Diversity measures (h and π), statistics of differentiation (Kst and Hst), fixation index (Fst) and 
Kimura two-parameter (K2P) distance for populations of Oxydromus okupa based on 16S data. In 
parenthesis is represented the Nm for Fst. Significant p-values for Kst, Hst and Fst by p < 0.05 indicated 
in bold. N: Number of individuals; Nh: Number of haplotypes; h: Haplotype diversity; π: nucleotide 
diversity; CI: Cádiz Intertidal (Scrobicularia plana); CH: Chipiona intertidal (Macomopsis pellucida)
Population N Nh h π Kst Hst Fst K2P
CH 19 6 0.6550 ± 0.1115 0.0026 ± 0.0019 0.0712 0.0763 0.1298 (1.68) 0.0023 ± 0.0012
CI 19 4 0.5906 ± 0.0882 0.0014 ± 0.0013
Entire 38 7 0.6743 ± 0.0506 0.0022 ± 0.0016
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Figure 5 Median-joining haplotype network of mtDNA 16S sequences for Oxydromus okupa in relation with 
its host bivalves. Black points represent mutational steps. Circle and pie size are proportional to the 
haplotype frequency.
Figure 6 Maximum-likelihood tree of 16S haplotype data. Bootstrap values for node support >75 are represent-
ed on the corresponding branches.
haplotypes only occurred in M. pellucida and 
only one in S. plana. The dominant haplo-
types (and their respective derivatives) have 
frequencies of 68% (M. pellucida at CH) and 
75% (S. plana at CI).
The haplotype tree showed a single, highly 
supported clade (100% bootstrap) including 
the seven haplotypes present in the symbi-
ont (fig.  6). Two subgroups were also identi-
fied, one of them including the dominant 
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M. pellucida haplotype at CH with its four 
derivatives, but with a low support (bootstrap 
<50%). Therefore, no well-defined lineages 
can be established in O. okupa, as supported 
by its low divergence (K2P distance = 0.2%). 
However, this variability in 16S seems to be 
enough to differentiate the populations, both 
at the levels of nucleotides (Kst > 0.05 and 
significant) and haplotypes (Hst > 0.05 and 
significant). Accordingly, the significant Fst 
(>0.1) together with the Nm = 1.68 suggest that 
this differentiation was caused by a restricted 
panmixia. Mismatch distributions show that 
most sequences either differ in one position 
Figure 7 Mismatch distributions for populations of Oxydromus okupa for 16S data. The x-axis represents the 
number of pairwise differences among sequences; the y-axis shows the frequency of the pairwise com-
parisons. A, graph for the whole metapopulation. B, Graph for CH. C, Graph for CI. CI: Cádiz Intertidal 
(Scrobicularia plana); CH: Chipiona intertidal (Macomopsis  pellucida).
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Table 8 Neutrality tests and its corresponding p-values in base of 16S for the two populations of Oxydromus 
okupa altogether and individually. CI: Cádiz Intertidal (Scrobicularia plana); CH: Chipiona intertidal  
(Macomopsis pellucida)
Population N Tajima’s D D p Fu’s Fs Fs p R2 R2 p
CH 19 -0.3385 0.4340 -16.225 0.1114 0.1252 0.2623
CI 19 -0.4961 0.3140 -0.8594 0.1820 0.1310 0.2766
Entire 38 -0.6880 0.3050 -21.448 0.0951 0.0884 0.2531
(42.7%) or did not differ (32.6%), highlighting 
the great inter-individual genetic homogene-
ity (fig.  7A). Pairwise differences were more 
evenly distributed in CH (no differences = 
34.5%, one position = 27.5%, two positions 
= 22.2%) (fig.  7B) than in CI (no differences 
= 40.9%, one position = 48.5%) (fig. 7C). The 
low values of the mismatch distribution pa-
rameters (τ and ϴ0) also confirmed this high 
genetic homogeneity in the populations of 
O. okupa (fig.  7). The raggedness index was 
low and non-significant for the mismatch 
distributions of the entire sample and for CI 
(fig. 7A, C), as indicated by the observed fitting 
with the expected distributions. However, the 
non-significant neutrality tests (table 8) allow 
rejecting the hypothesis of sudden expansion, 
and support a neutral pattern of evolution 
and a long-term stable demography for the 
studied populations.
4 Discussion
During the last two decades, different mor-
phometric approaches attempted to discrimi-
nate species boundaries in polychaete cryptic 
and pseudo-cryptic species complexes (e.g., 
Omena & Amaral, 2001; Ford & Hutchings, 
2005; Garraffoni et al., 2006; Lattig et al., 
2007; Hernández-Alcántara & Solís-Weiss, 
2014; Coutinho et al., 2015; Martin et al., 2017). 
However, none of them used a combination 
of morphometrics and genetics to evaluate 
 differentiation levels between populations 
under different sources of variation, includ-
ing host-symbiont relationships, a perspec-
tive that falls within the framework of inte-
grative taxonomy (Will et al., 2005; Padial 
et al., 2010; Giribet, 2015; Martin et al., 2017). 
Our data support that O. okupa is a genuine 
polyxenous symbiont showing a high phe-
notypical and ecological plasticity, which 
is translated into a local divergence (both 
morphometrical and ecological). The spe-
cies also shows an inter-population genetic 
substructure, which could be affected by 
a combination of gene flow barriers (e.g., host 
and habitat) in sympatric conditions.
4.1 Morphological and ecological 
divergence
The inter-population morphometric dissimi-
larities in O. okupa ranged from 35 to 50% and 
were always higher when comparing CS vs. 
CI. This suggests that the two levels of inter- 
population differentiation may be acting as 
sources of evolution, with the combination 
of both host and habitat seeming to play the 
major role. Particularly, when we consider 
proportions, the difference between CS and 
CI is 1.4 times higher than those between 
CH and CS and CI. The adaptive character 
of this divergence cannot be currently as-
sessed. However, the complex host-entering 
behaviour showed by the population infesting 
S. plana, together with the presence of a free-
living phase in the life-cycle of the symbiont 
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(Martin et al., 2017), lead us to expect that 
host and habitat might be able to affect worm 
shape. The cephalic region is the first body 
part that contacts the host’s inhalant siphon 
during the entering process. Accordingly, the 
characters and proportions that contribute 
most to the differentiation in the studied pop-
ulations are related to the prostomium, but 
also to the parapodia and to the length and 
width of the symbionts (tables 2–6).
The ecological differences between the stud-
ied localities were accompanied by differ-
ences in infestation characteristics and size 
structure of both the host and symbiont 
populations, which support the different host 
and environment preferences as drivers for 
the observed variability. Symbionts infesting 
M. pellucida were able to occupy host individu-
als of <28 mm shell length, whilst those hosted 
by S. plana, usually occurred in hosts of 26–36 
mm shell length. Thus, the symbiont popula-
tion size range was more restricted when it 
was associated with M. pellucida than with 
S. plana. On the other hand, the subtidal seems 
Figure 8 Juvenile phases of Oxydromus okupa. A: The smallest exemplar collected in the study (0.96 mm long) 
at CH. B: A juvenile (1.10 mm long) found at CI. C: A juvenile (1.54 mm long) collected at CH.
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to be the most favourable habitat, showing in-
festations 12 times higher than the intertidal 
(67% vs. 5.5%, respectively). However, a sig-
nificant representation of juvenile symbionts 
was only found at CH in September 2017 and 
at CI in May 2018. In turn, the positive size 
correlations between O. okupa and M. pellu-
cida found when small bivalves were available 
(i.e., September 2017 in CH and January 2013 in 
CS) suggests that not only O. okupa adults but 
also juveniles (likely coming from a free-living 
phase) may infest bivalves with small sizes 
(i.e., <20 mm). However, this seemed not to 
occur frequently, as infestation in small hosts 
was always lower than that in large adults. 
The high percentage of O. okupa juveniles at 
CI in May 2018 contrasts with their practically 
total absence in all remaining periods (only 
one juvenile found in the 17 months sampled 
in CI, including this study and that by Martin 
et al., 2017). This suggests that juveniles may 
show relevant concentrations also in larger 
bivalves under certain conditions, such as the 
absence of small hosts or a predominance of 
small-sized symbionts in the population. Nev-
ertheless, it must be taken into account that 
the available information for CH and CS is 
punctual and refers to different periods of the 
year. Thus, a more complete data set (particu-
larly in terms of seasonal representativeness) 
would certainly be required to confirm our 
hypotheses.
The level of morphometric differentia-
tion between O. okupa and the congeneric 
O. humesi was close to 50% according to 
Martin et al. (2017). In this case, the sources 
of variation postulated were host (S. plana vs. 
A. nymphalis, respectively) and biogeographi-
cal distribution (Iberian Peninsula vs. Congo, 
respectively). Our study reveals a similar mor-
phometric difference at the inter-population 
level in O. okupa. In fact, these differences are 
even higher than those previously reported 
for most sibling species described on the ba-
sis of morphometry (e.g., Coutinho et al., 2015; 
Ford & Hutchings, 2005). However, molecular 
data (Fst, K2P distance and haplotype net-
work and tree) support that the divergence 
observed among the Iberian populations ap-
pears to be restricted to a local level. As avail-
able material for molecular analyses of the 
Congolese population is lacking, we agree 
that it belongs to a different, sibling species. 
Moreover, contrary to what occurs among 
the Iberian populations, it should be noted 
that the length of dorsal and ventral parapo-
dial lobes consistently differs between Ibe-
rian and Congolese specimens (Martin et al., 
2017), this being a classical taxonomic char-
acter allowing distinction of species within 
the Hesionidae (Pleijel, 1998; Ruta et al., 
2007).
4.2 Sources of evolution
Host shifts have been considered major driv-
ers for diversification in animal symbionts 
with high dispersal capacity, including marine 
symbionts with planktonic, potentially highly 
dispersive larvae (Clayton et al., 2016; Horká et 
al., 2016). Moreover, we suggest that environ-
mental shifts might also act as a key driver for 
the variability observed in symbiotic species 
with free-living juvenile or early-adult phases. 
To date, animal symbionts most studied in 
terms of divergence caused by their symbiotic 
mode of life are parasitic insects like fleas, 
mites or louses (Whiting et al., 2008; Bruyn-
donckx et al., 2009; Bush et al., 2016; Doña 
et al., 2017) and phytoparasites like aphids, 
beetles or nematodes (Messina, 2004; Picard 
et al., 2007; Bass et al., 2013). These groups 
are highly abundant and diverse in terres-
trial ecosystems and, particularly in the case 
of phytoparasites, host/parasite evolutionary 
 relationships may play a key role in the emer-
gence of new crop pests.
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As for marine environments, numerous 
studies focused on the role of oceanographic 
barriers to regulate gene flow both in inverte-
brates and fish (e.g., Palero et al., 2008; Galar-
za et al., 2009; Marie et al., 2016). Conversely, 
similar studies dealing with the role of ocean-
ographic and biological barriers (i.e., host 
type) in symbionts are very scarce and dealt 
with animal residents in corals or sponges 
(Duffy, 1996; Faucci et al., 2007; Hoeksema et 
al., 2018). Moreover, there is a single one deal-
ing with symbiotic polychaetes (Lattig et al., 
2016). Considering this poor background on 
evolutionary relationships in marine inverte-
brate symbionts, our work represents the first 
documented case of host and environment 
preferences as a source of variation in symbi-
otic polychaetes and one of the first for ma-
rine invertebrate symbionts.
When a symbiotic population shifts to a 
new host or to a new environment, the organ-
isms may assume local adaptations providing 
specialised responses to the new conditions, 
even without restriction of gene flow, if the 
selective pressure is sufficient (Nosil, 2008; 
Edelaar et al., 2012). Specialization may then 
be followed by a genetic structuration in 
case of reduced intra-population gene flow, 
leading to lineage diversification. In case of 
sufficient and persistent isolation, the evo-
lutionary autonomy of one of these lineages 
will lead to a speciation event. Accordingly, 
we differentiate four stages in the symbiont 
divergence process mediated by host and 
environment shifts, which may start after a 
basal stage in which the symbionts colonize a 
new host or environment (stage 0). These are: 
(1) local variations/adaptations with gene flow, 
(2) local variations/adaptations with reduc-
tion of gene flow, (3) lineage differentiation, 
(4) evolutionary lineage autonomy leading to 
speciation. However, we also presume that: 
(1) this general scheme may show variations 
depending on each particular case, and (2) the 
relative extent of each step may be  strongly 
dependent on the symbiont and host bio-
logical traits, as well as on the selective pres-
sure imposed by the host and environment 
preferences.
The morphometric and ecological differenc-
es found between the populations of O. okupa 
seem to indicate a specialised response to 
the particular conditions they support (both 
in terms of host and environment), together 
with a present situation of limited panmixia. 
In fact, our 16S data indicate that such a di-
vergence may occur with a significant restric-
tion of gene flow (significant values of Kst, Hst 
and Fst, and Nm < 2), indicating a moderately 
advanced speciation process (i.e., stage 2). In 
addition, the observed genetic substructure 
would be the agent leading to the emergence 
of two dominant haplotypes, one at CH (with 
three exclusive derivatives) and another one 
at CI, separated by one mutational step (fig. 5). 
However, this single mutational step, together 
with the low bootstrap support for the clades 
and the low genetic distance between locali-
ties, seems not to have allowed the establish-
ment of two well-defined lineages within the 
species. Therefore, host shift seems to be a 
soft barrier for gene flow in O. okupa, probably 
due to the high similarity in morphology and 
in the mode of life of the two host bivalves. 
In a similar way, the substructure found in the 
populations of the phyllodocid polychaete 
Pterocirrus giribeti Leiva & Taboada, 2018 in 
Leiva et al. (2018) was attributed to an oceanic 
front that limited gene flow only during the 
species reproduction periods (i.e., a soft bar-
rier) (Leiva et al., 2018). However, whilst this is 
a physical soft barrier, it is certainly biological 
(i.e., host shift) in the case of O. okupa.
The mechanisms leading host prefer-
ences to affect panmixia are unknown, but 
it is expected that a specialised behaviour in 
a symbiont may be relevant. This is the case 
of the population of O. okupa associated with 
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S. plana (Martin et al., 2015). The worm uses 
the anterior-most region to manipulate the 
inhalant siphon of the bivalve in order to in-
duce its complete widening and accessibility, 
to enter through it, and to finally settle in the 
host’s mantel cavity. Scrobicularia plana has 
non indented shell borders and therefore it 
needs to fully open the two valves in order to 
enable the siphons to stick out above the sub-
strate. In M. pellucida, the siphons may pro-
trude through its indented shell borders with-
out opening the valves, while the existence of 
a complex mechanism has not been observed 
in the associated symbionts (an observation 
that merits further study). However, some 
behavioural variation may be expected, as our 
morphometric data show that the cephalic 
appendix related with host entering (together 
with some parapodial and, less directly, worm 
length and width characters) differed among 
the populations associated to the two hosts. 
This may certainly play a key role as selective 
pressure for the respective populations of O. 
okupa. On the other hand, chemically mediat-
ed cues driving juvenile settlement (either gen-
erated by the host or by the own adult symbi-
onts) seem to be widespread among symbiotic 
polychaetes (Martin & Britayev, 1998, 2018). 
Thus, we may expect different chemically- 
mediated host-recognition mechanisms for 
the two bivalve hosts involved in relation-
ships with O. okupa, this being an additional 
evolutionary driver. This may be particularly 
relevant if we assume that only worms able to 
detect and subsequently enter in one particu-
lar bivalve species would be able to contribute 
to the population gene pool (another interest-
ing hypothesis to be tackled in future studies). 
Therefore, in light of our data, we hypothesize 
that symbiotic behaviour may play a key role 
in triggering speciation processes in the spa-
tially coexisting populations of O. okupa and, 
thus, in sympatric populations of polyxenous 
symbiotic species in general.
4.3 Demographic history and genetic 
diversity
Despite the low infestation rates at CH (~10% 
and fluctuant) and CI (usually <5%), both 
populations did not depart from a neutral evo-
lution model (table 8). Therefore, we may as-
sume a long-term stable demography for the 
species, without indications of recent bottle-
neck events. There may be other non-regis-
tered populations in Cádiz Bay, which may be 
in contact with those studied here (Martin et 
al., 2017), with CH and CI being redoubts of 
the overall distribution of O. okupa around 
the nearby biogeographic region. Anyway, al-
though our finding of the population at CI indi-
rectly supports this idea, the existence of these 
hypothetical locations remains unproven. The 
populations studied here are characterized 
by having an intermediate to high haplotype 
and low nucleotide diversities, giving rise to 
a high level of genetic homogeneity. This is 
also well represented in the mismatch distri-
butions both for the whole metapopulation 
and for each individual population, indicat-
ing the existence of very few intra- and inter-
populations differences (fig.  7A–C). Despite 
the postulated homogeneous gene flow in O. 
okupa, CH  significantly differed from CI (in 
terms of Kst, Hst, Fst and haplotype network), 
and was slightly more genetically diverse, both 
in haplotype and nucleotide diversity. We may 
assume that this could be related to the first 
being more susceptible to recruitment than 
the second. Accordingly, CH showed an over-
all higher number of juveniles than CI. Never-
theless, as indicated above, a more extended 
survey, both in terms of time and space, is re-
quired to confirm this hypothesis.
5 Conclusions
The populations of O. okupa have a great in-
ternal morphological similarity, while they 
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vary from 35 to 50% amongst each other and 
remain clearly discriminated based on differ-
ent statistical analyses (i.e., PCA, ANOSIM, 
SIMPER, FSDA).
Oxydromus okupa seems to occupy shells 
of different sizes depending on the host spe-
cies, which may be related with the differ-
ent size structure of the native populations 
of the two host bivalves. The shell length 
of the infested S. plana usually ranges be-
tween 26 and 36 mm, while in M. pellucida it 
mostly ranges between 20 and 28 mm. In this 
sense, the higher number of small hosts in 
M. pellucida appears to be related to the high 
representation of juvenile symbionts at CH, 
suggesting an active size segregation behav-
iour in O. okupa. Furthermore, the intertidal 
zone seems to be the least favourable habitat 
for the symbiont as reflected by the low infes-
tation rates found there.
The populations at CH and CI lived in as-
sociation with two different host species and 
showed an overall genetic homogeneity, but 
with a significant differentiation in terms of 
Kst, Hst, Fst and Nm. This allows us to sug-
gest that host preferences, even in the case of 
these two closely related hosts may act as a 
soft barrier to gene flow.
The morphology of body parts most re-
lated with the host entering process (i.e., the 
worm’s cephalic and parapodial appendages) 
varied among populations. Accordingly, we 
suggest that symbiotic behaviour may be an 
important mechanism affecting panmixia 
and triggering speciation among sympatric 
populations.
In spite of the low infestation in intertidal 
habitats, both CH and CI populations did not 
present signs of bottleneck events and revealed 
to be long-term stable (in accordance with 
neutrality tests). This suggests a hypothetical 
connection through unknown populations 
from the Gulf of Cádiz (Martin et al., 2017).
In summary, polyxeny and symbiotic behav-
iour in O. okupa seem to be underlying mech-
anisms contributing to its great phenotypic 
variety and marked ecological differences, as 
well as to the observed genetic divergence.
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